Although a few studies on rainfall spatial and temporal variability in the UAE have been carried out, evidence of the impact of climate change on rainfall trends has not been reported. This study aims at assessing the significance of long-term rainfall trends and temporal variability at Sharjah City, UAE. Annual rainfall and seasonal rainfall extending over a period of 81 years recorded at Sharjah International Airport have been analyzed. To this end, several parametric and nonparametric statistical measures have been applied following systematic data quality assessment. The analyses revealed that the annual rainfall trend decreased from −3 mm to −9.4 mm per decade over the study periods. The decreasing annual rainfall trend is mainly driven by the significant drop in winter rainfall, particularly during the period from 1977 to 2014. The results also indicate that high probability extreme events have shifted toward low frequency (12.7 years) with significant variations in monthly rainfall patterns and periodicity. The findings of the present study suggest reevaluating the derivation of design rainfall for infrastructure of Sharjah City and urge developing an integrated framework for its water resources planning and risk under climate change impacts scenarios.
Introduction
Recent global changes in climate have resulted in increased variability of the hydrological cycle and weather extremes, creating the need to study subsequent changes in hydroclimatic variables to understand the regional effects of climate change [1, 2] . International and regional assessment reports on climate change (e.g., [3] [4] [5] [6] ) classify the Middle East and North Africa (MENA) as one of the most vulnerable regions to be affected by climate change and climate extremes. Pal and Eltahir [7] claim that the situation in the Arabian Gulf region, especially changes in extreme climates, is at risk of magnification to unprecedented levels under the predicted regional climate change scenarios. Nevertheless, while climate change is seen as a fact, the reality about the current predictions for the region is highly uncertain. To date, for most Middle East countries, only little is known about the significance of the trends and variability in hydroclimatic data. Several studies have compared simulated climatic data with observed data to assess climate models uncertainty (e.g., [8] [9] [10] [11] ). Their works concluded that existing climate models have difficulties to accurately simulate present extreme climate events and these provide additional uncertainty to predict future changes. Therefore, the importance of continuously assessing the longterm variability and short-term variability of climatic factors, mainly those connected to the availability of fresh water, using in situ climatic data cannot be overemphasized [9, [12] [13] [14] [15] .
Worldwide, several studies have engaged in assessing the trends and variability in hydrometeorological data, mainly rainfall and temperature, at regional level (e.g., [18] [19] [20] ) as well as country levels (e.g., [11, 13, 14, 18, [21] [22] [23] [24] [25] [26] ) to mention only very few contributions. In contrast, for many of the Middle East countries, mainly arid and semiarid regions such as the Gulf peninsula, research coverage is still inadequate despite recent works [20] . Studies over Oman [27, 28] showed statistically significant decreasing trends in rainfall. However, the results of the two studies also suggest a significant tendency for stronger precipitation extremes as well as a tendency toward wetter conditions. The findings of some studies over several regions of Iran [29] [30] [31] showed no negative or positive annual rainfall trends throughout the 2 Advances in Meteorology country, except for some local and isolated stations. However, monthly rainfall trends were identified with appearing seasonal movement of rainfall concentration. The investigations of Almazroui et al. [32] and Hasanean and Almazroui [33] revealed large interannual variability in the precipitation over Saudi Arabia, with a rainfall reduction ranging from 6 mm to 47 mm per decade, at the expectation of the Southern Peninsula and along the Red Sea coast, where an increase in precipitation was observed. The study of Al-Mamoon and Rahman [34] over Qatar showed both positive and negative trends throughout the country. While the negative trends were found to be statistically significant in a number of stations, the stations with positive trends were statistically not significant.
In UAE, while few studies have been carried out with emphasis on the status of water resources (e.g., [35] [36] [37] [38] [39] [40] ) and on UAE climate [41, 42] , quantitative evidence of trends in rainfall and temporal variability due to climate change based on long-term rainfall records has not been reported. This study investigates the long-term rainfall trends and variability in Sharjah City, UAE. While climate variability is regarded as the deviation of seasonal and annual climate parameters (i.e., rainfall, temperature, etc.) from the long-term observations mean, the long-term continuous temporal change and/or trends in annual, seasonal, and monthly climate parameters (herein rainfall) are regarded as indicators of potential climate change impacts [43] . Previous studies assert that long-term change (30 years and above) in rainfall and temperature are considered as valuable indicators to assess the potential of climate change in a given region [24, 32, 44, 45] . The processed data consist of monthly and annual rainfall extending over a period of 81 years recorded at the Sharjah International Airport. Following a data quality assessment, parametric and nonparametric tests were applied to examine and quantify the long-term and short-term trends and variability in annual, seasonal, and monthly rainfalls. Variability in extreme events and changes in frequency (i.e., return period) were also examined to assess any potential shift in wet and dry seasons.
Materials and Methods

Study Area and Data Quality Control. The Emirate of
Sharjah is the third largest emirate of the UAE, covering a total area of about 2,600 km 2 . The meteorological data for Sharjah are maintained by the Sharjah Meteorological Office since 1934. The present assessment is based on rainfall data over a period of 81 years , representing the longest period ever investigated for the Gulf region to date. Data covering the period from 1934 to 1976 were recorded at the old Sharjah airport, while rainfall data from 1977 onwards are recorded at the new Sharjah International Airport [42] . The locations of old airport (25.349485 ∘ N, 55.3875036 ∘ E) and new Sharjah International Airport (25.329167 ∘ N, 55.516111 ∘ E) are approximately 8 Km apart. It is clear that while rainfall events are influenced by regional and global weather pattern, the temporal and spatial variation and distribution (i.e., rainfall intensity and duration) over a given geographical region stay influenced by local parameters. It can, therefore, be assumed that the rainfall records at those two stations (in proximity) may not record exactly same rainfalls (noticing also the changes in measurement devices and technology) but most likely exhibit consistency in rainfall patterns and trends.
Overall Data Quality Assessment.
To assess the overall quality of the rainfall data recorded at Sharjah airport, the mean annual rainfall recorded between 1966 and 2014 at Dubai airport (i.e., located 20 km away from Sharjah Airport) was used as a quality control indicator. Despite the fact that both stations are physically independent, the rainfall in Sharjah and Dubai is governed by similar weather patterns and mechanisms [41] . Therefore, good correlation between the two rainfall data sets would be an acceptable indicator to validate data consistency. To this end, linear regression analysis and the nonparametric two-sample Kolmogorov-Smirnov (KS) regression test [46] [47] [48] were performed. The results of the linear regression analysis ( Figure 1 ) and corresponding cumulative probability distribution (Figure 2 ) probably suggest good correlation between the two rainfall data series (i.e., Sharjah versus Dubai). To verify it, two-sample KolmogorovSmirnov (KS) test (i.e., Sharjah versus Dubai rainfall) using The high probability p value suggests accepting the alternative hypothesis that Sharjah and Dubai rainfall time series follow the same distribution. Therefore, it was concluded that the quality of rainfall data records at Sharjah airport was consistent and eligible for further data quality analysis without corrections.
Homogeneity Analysis.
Homogeneity analysis is critical to assure that detected changes and trends in rainfall data series are essentially due to climate and weather [49] . Inhomogeneity of Sharjah climate data records was suspected, primarily due to the changes in the station location from the old airport For the rest of this study, in order to significantly analyze the rainfall variability and trends, it was proposed to assess the entire period in addition to five aggregated periods: the old Sharjah airport data set (1934 to 1976), the new Sharjah airport data set (1977 to 2014), and three overlapping 31-year data sets. Homogeneity analysis was also carried out on these three aggregated periods ( Table 1 ). The conclusions from the different methods were at most coherent. An exception was for the period of 1934-1964, where p values estimates by MCS and SM were not in agreement. For this particular period, most tests using MCS exclusively suggest that the data are homogenous (denoted in Table 1 as "Yes: MCS"). As a matter of fact, many historical extremes have occurred during that period, which was particularly characterized by an increasing rainfall trend as further discussed in the next section.
The weather in UAE can be divided into four seasons, namely, winter from December to March, spring from April to May, summer from June to September, and autumn from October to November [41] . Winter is the most unsettled period of the year. Winter rains usually start in late November or early December and extend through March bringing approximately over 80% of the annual rainfall with a monthly average of about 25 mm. Spring is short and rainfall is sporadic, typically linked with isolated thunderstorms. Summer is characterized by extremely dry condition with rare chances of rainfall. Autumn months represent the most settled weather conditions and rainfall is again rare, especially in October [42] . Table 2 shows a comparison of basic monthly rainfall statistics over the different aggregated study periods.
Annual and Seasonal Analysis of Trends and Variability.
Trends and variability in annual and seasonal weather data series are commonly assessed using parametric and nonparametric statistical measures [51] . In climate research, both approaches are equally beneficial; while parametric measures can generate an overall view of the trend and its tendency, nonparametric tests have the extra power to detect trends with seasonal variations [21, 54, 55] .
Analysis of Annual Rainfall Trends.
Trend statistical measures imply testing the null hypothesis Ho (that there is no trend) against the alternative hypothesis Ha (that there is a trend) for a chosen significance level . Applied parametric measure considers linear regression on annual, seasonal, and monthly rainfall. Slope coefficients of the fitted linear regression models were evaluated following Student's distribution. If slope magnitude is significantly different from zero, then the alternative hypothesis shall be accepted. Positive or negative tendency of the trend is indicated by the sign of the slope coefficient [51] .
Nonparametric measure considers Mann-Kendall (MK) test (see, e.g., [14, 54, 56] ) powered by Sen's slope to quantify the magnitudes of the trends [57] . Since the MK test does not require that the data series follow a specific probability distribution, the identified monotonic trend, if any, can be linear or nonlinear [54, 58] . To overcome the uncertainty in trend identification that could be mainly caused by the existence of significant autocorrelation, Hamed and Rao [17] propose improving the standard MK test by checking for serial correlation between the ranks of the data after eliminating the suspected trend. Their approach ensures that the identified trend, if any, is not essentially due to autocorrelation. A further improvement of the test was proposed by Yue and Wang [16] in case a serial correlation was found. Their approach performs better when there are both a trend and an autocorrelation. In this work, the standard MK test and the above two proposed improvements were performed in parallel to assess annual and seasonal aggregated data sets.
Analysis of Monthly Trends and Variability. Seasonal
Mann-Kendall (S-MK) test [51, 56] was performed with and without taking into account autocorrelation effect to assess changes in monthly trends and variability. The S-MK test suggests finding whether there is a trend from one given month, say January, to another and from one month, February, to another and so on. Choosing between the standard MK test and modified S-MK with autocorrelation, for monthly data with seasonality of 12 months, involves a trade-off. The standard MK test is more powerful, but the results interpretation can be misleading if there is a seasonal serial correlation, that is, the correlation of a given month with preceding months. However, the modified test, though less powerful, offers a more rigorous statement of significance [59] . Trends magnitudes were assessed using Sen's slope and seasonal Sen's slope [56] . The changes in extreme rainfalls and frequency were evaluated using exceedance probability and Fast Fourier Transform [60, 61] . The theoretical background and methodologies of the statistical measures involved in this study are not repeated here. Readers are primarily referred to Hirsch et al. [51] and WMO [62] . Brief descriptions were also presented in many of the aforementioned literatures in this chapter.
Results and Discussion
Annual Trend Analysis Results.
To fully explore rainfall variations and trends essentially triggered by climate change, the assessment was conducted for the entire period as well as on five grouped data series: the old Sharjah airport, the new Sharjah airport, and three overlapping 31-year data records (i.e., 1934-1964, 1960-1990, and 1984-2014) . Table 3 also indicate that despite the general preference to use nonparametric tests to analyze rainfall LRS can still give a better trend analysis compared to other tests. As seen from the statistical outcomes corresponding to the different time intervals, shown in Figure 5 and Table 3 , there are combined and intermittent positive and negative trends. The downward linear trends associated with both old airport and new airport data sets should be interpreted with care. Despite the noticeable changes in the linear slopes of the yearly time series from −3.2 mm per decade in 1977-2014 period to −9.4 mm per decade in 1934-1976 period, the results do not implicate a continuous long-term negative impact of climate change on Sharjah's rainfall. In fact, the decline in rainfall Table 3 (SS = −2.52 mm/yr). However, looking at the alternating wet and long dry years revealed by all periods' 10-year moving average lines and results of extreme rainfall periodicity in Section 3.3 hereafter, it is anticipated that this situation will be reversed in near few years. It is also worth mentioning that the ongoing vigorous rainfall modifications and cloud seeding activity in United Arab Emirates can also play a role to reverse this negative trend. For instance, in winter 2016 by the month of April about 77 seeding operations were performed and forecasted to have played a significant part to stimulate March 2016 rainfall of 287 mm in 24 hours as recorded between Dubai and Al-Ain cities [63] .
Seasonal and Monthly Rainfall Trends and Variability.
To capture long-term impacts of climate change, several assessments on seasonal and monthly rainfall data were carried out over the six aggregated periods. As shown in Table 4 , drop in annual rainfall was mainly driven by the longterm decline in winter trends observed to continuously occur over the successive periods. As mentioned earlier, to assess changes in monthly rainfall trends, linear regression analysis, standard Mann-Kendall (MK) test, and seasonal MK (S-MK) test for each month were performed in parallel. It is worth mentioning that among the three options of Mann-Kendall test analyses (i.e., estimation of the test value with and without autocorrelation) the results were statistically more significant when using the option of Yue and Wang [16] to take serial correlation into account. To show the long-term climate impacts, reported in Table 5 Though the high S-MK values suggest that the seasonal tests are not statistically highly significant, the downward trend in March rainfalls is by itself alarming with regard to future water availability. Owing to the fact that Sharjah City receives most of its rainfall during March, practically any significant change in this month may later lead to long-term change in annual trends and the occurrence of extreme events (i.e., drought and floods). January's trend was found to be intermittent from a period to another. However, a closer look over 1986-2014 period (LRS = −0.15, SS = −0.006, and seasonal SS = −0.32) reveals that the long-term appearing positive trend was mainly driven by the wet seasons in the late 1990s.
In contrast to other months, a long-term trend of December rainfalls showed positive trends of +2.5 mm/yr over 1977-2014 period compared to +0.5 mm/yr over 1934-1976 period. This increasing trend is probably associated with the net increase in the number of rainy days during December. Rainfalls events during the period from May to November are sporadic and bring about considerably small amount of rainfall. Thus, as shown in Table 5 , owing to the erratic events in those months, seasonal MK test could not be performed.
With reference to Kendall's obtained from the monthly MK tests, though quite small, it probably suggests rain variability during the rainy season. To assess this assumption and set a comparative baseline in assessing monthly rainfall variations, the monthly peak average evaluated for the whole period (1934-2014) was compared to the peak rainfall over other periods as plotted in Figure 7 . The results show that peak monthly rainfalls differ significantly over time. Surprisingly, clear propagation of peak monthly rainfall can be observed at a rate of approximately 1 month per 2 decades. This notable persistent long-term change in the occurrence of peak rainfalls calls for further in-depth analysis of potential climate change issues over Sharjah City.
Rainfall Frequency, Periodicity, and Extreme Events Analysis.
In addition to frequency analysis of annual rainfall events (Figures 8 and 9 ), Fast Fourier Transform is applied to study the potential periodicity in extreme events (Figure 10 ). Figure 8 shows rainfall frequency analysis of old Sharjah airport and new Sharjah International Airport rainfall data sets. The figure was produced by normalizing the annual rainfall and by associating the normalized value with its probability to calculate the return period. The results suggest that extreme rainfall pattern is worsening (i.e., amount of rainfall during high frequency events is decreasing while it is increasing during low frequency events). This finding for Sharjah City is in accordance with the findings of many researchers worldwide and has been linked with climate change due to global warming [6, 64, 65] . Moreover, based on the predictions of General Circulation Models for climate [66] , similar impacts of climate change on rainfall pattern can be expected in other surrounding cities of Sharjah City. In fact, the exceedance probability distribution results (normal (Figure 9(a) ) and log-Gumbel (Figure 9(b) )) also suggest that the recurrence intervals and frequency of extreme events (drought and flood) are increasing. The findings of Figures 8 and 9 can be locally interpreted by an increasing number of successive drought years intermitted by severe flood events. As can be seen from Figure 8 of slopes indicate decreasing trend and increasing trend, respectively. "-": test cannot be computed as some sequences are constant. All MK tests were performed using one-tailed test with 5% significance level. be slightly lower than those of the period of 1934-2014. With reference to Figure 9 , this can be interpreted as the occurrence of successive years of drought with a short return period.
To assess the periodicity, Figure 10 shows the normalized power spectrum of annual rainfall. Data from old Sharjah airport exhibit multiple peaks. Peak frequency of 0.279 is associated with a rainfall event repeating itself in 3.6 years, while the 2nd peak appears to be centered between 0.046 and 0.1395, which corresponds to periodicity of 7.2 to 21.7 years. On the other hand, new Sharjah airport's data show only one distinct peak at a frequency of 0.079 (12.6 years) closer to the 2nd peak of old data and eliminate the periodicity of the lower frequency rainfall event.
Summary and Conclusion
In the present study, potential impacts of climate change on the long-term rainfall trends over Sharjah City in United Arab Emirates using 81-year monthly records were examined. Exceedance probability (%) (b) Log-Gumbel probability distribution Figure 9 : Sharjah rainfall exceedance probability using (a) normal probability distribution and (b) log-Gumbel probability distribution.
Long-term and short-term rainfall trends using parametric and nonparametric statistical measures, namely, monotonic linear regression trend analysis, Mann-Kendall trend test, and Mann-Kendall seasonal trend, with and without considering serial correlation powered by Sen's slope and 10-year moving average, are evaluated in parallel. To fully capture annual, seasonal, and monthly rainfall trends and variability, data were divided into six aggregated periods. It is worth mentioning that when a clear trend occurs (such as in winter months and seasons), linear regression analysis and Sen's slope corresponding to the Mann-Kendall test (particularly those evaluated using Monte Carlo Simulation with serial correlation by the method of Yue and Wong) are in full agreement. In other words, the results showed that despite the dominant preference of nonparametric test to assess trends in climate data the LRS can still give equally good trend analysis compared to other tests.
In general, it was found that annual rainfall trend over Sharjah City is continuously decreasing over time. The rate of decrease in annual rainfall has accelerated to approximately −9. about −24 mm/decade. This annual decline in rainfall was mainly driven by clear successive drops in winter rainfalls suggesting an overall risk on water availability which can potentially drop by over 20% from the annual mean if the trend decline persists. In monthly rainfall trend tests, while most months showed nonsignificant trend, the months of April and March indicated a significant decreasing trend of rainfall. This finding is important because Sharjah City receives most of its rainfall during this period. In other words, any significant change in March and April rainfall may lead to long-term change in annual trends. Furthermore, analysis of monthly precipitation showed clear propagation of peak monthly rainfall at a rate of approximately 1 month per 2 decades. This notable persistent long-term change in the occurrence of peak rainfalls calls for further in-depth analysis of potential climate change issues and risks over Sharjah City.
The 10-year moving average analysis highlights the fact that rainfall patterns are characterized by long periods of droughts which are intercepted by extreme heavy rainfall events of short interval of recurrence. Frequency analysis potentially indicates that the extreme rainfall patterns are worsening. Fast Fourier Transform analysis implies that under changing climate the periodicity of high rainfall events is shifting toward low frequency. This is confirmed by the recurring flash flood witnessed in recent decades.
To sum up, analysis of long-term rainfall at Sharjah City shows a decreasing trend in rainfall and, in the light of present evidence, water resources preparedness, development, and management strategies under changing climate are recommended as a way forward for sustainability. Flood risk management must be also conceived as an integrated part of the strategic plans of the Emirate of Sharjah for climate changes adaptation and mitigation. Further, investigations and more comprehensive analysis of the impact of climate change in UAE using wider spectrum of temporal and spatial climatic data are strongly recommended.
